The completion of genome sequencing projects for a number of fungi set the stage for detailed investigations of proteins. We report the generation of versatile expression vectors for detection and isolation of proteins and protein complexes in the filamentous fungus Neurospora crassa.
INTRODUCTION
The filamentous ascomycete Neurospora crassa has served as model eukaryote for over 70 years (DAVIS 2000; DAVIS and PERKINS 2002) . Fifty years ago Beadle and Tatum were awarded a Nobel Prize for their "one-gene, one-enzyme" research project with Neurospora and numerous subsequent studies with the organism have provided important insights into metabolism, gene regulation, chromosome behavior, DNA repair, DNA methylation, genome defense, photobiology, circadian rhythms, differentiation, development and other biological phenomena of relevance to higher eukaryotes (DUNLAP et al. 2007) . Simultaneously, Neurospora researchers developed a variety of biochemical and genetic tools. Recently, sequencing of the N. crassa genome (GALAGAN et al. 2003) greatly stimulated the field, in part by immediately revealing ~10,000 predicted genes (BORKOVICH et al. 2004) . Bioinformatics data are accessible via public databases and microarrays covering all the predicted genes are available from the Fungal Genetic Stock Center (FGSC) and used for transcriptional profiling (KASUGA and GLASS 2008; KASUGA et al. 2005; TIAN et al. 2007 ) and for microarray-based genetic mapping (LEWIS et al. 2007) .
his-3 mutation with wild-type sequences (LEE et al. 2003; MARGOLIN et al. 1997) , while in yeast the high efficiency of homologous recombination makes it easy to express epitope-tagged proteins from their native loci (LONGTINE et al. 1998) , facilitating co-expression of multiple constructs. Most eukaryotes, including Neurospora, have a strong nonhomologous end-joining (NHEJ) system that results in ectopic insertions of exogenous DNA and this complicates strategies based on homologous recombination. This problem has recently been overcome in Neurospora, however, by utilization of mutants (e.g., mus-51, mus-52 or mus-53) that are defective in NHEJ and therefore are only capable of homologous recombination (ISHIBASHI et al. 2006; NINOMIYA et al. 2004) . The current Neurospora gene knock-out project uses S. cerevisiae for assembly of constructs, taking advantage of the fact that yeast needs only 30 to 40 nucleotides of sequence homology for recombination . Following their example (COLOT et al. 2006) , we used this approach to generate knock-in constructs for Neurospora, incorporating features of the Cre/loxP site-specific recombination system (YU and BRADLEY 2001) . The bacteriophage Cre recombinase specifically recognizes two loxP sites and leads to reciprocal recombination between them, resulting in excision, inversion and translocation ( VAN DUYNE 2001) . This system functions in various organisms including some fungi (FORMENT et al. 2006; KRAPPMANN et al. 2005) and has been exploited for various purposes including excision of selectable markers that are no longer required or desirable.
Here we report the development of convenient entry and expression vectors to build N-or C-terminal fusion proteins with FLAG-, HA-, Myc-, GFP-or HAT-FLAG TAP tags and polyglycine flexible linkers for expression at native loci or at his-3. To demonstrate the utility of these tools, we purified HP1-associated proteins using the HAT-FLAG purification system and identified DIM-2 among the interacting proteins by MS analysis. The DIM-2-HP1 interaction was then verified in vivo by Co-IP using the epitope tagging system. We also demonstrate that the Cre/loxP system works efficiently in Neurospora and allows for "recycling" of the popular hygromycin-resistance selectable marker, hph. Key plasmids constructed in this study will be made available through the Fungal Genetics Stock Center.
MATERIALS AND METHODS
Neurospora strains and isolation of genomic DNA: Neurospora crassa strains used in this study are listed in supplementary Table 1 and were grown, maintained and crossed according to standard published procedures (DAVIS 2000) . For isolation of genomic DNA, Neurospora strains were grown with shaking in Vogel's minimal medium with 1.5% sucrose and required supplements at 32°C for 2 days; genomic DNA was isolated and used for PCR and Southern hybridizations as described previously (FREITAG et al. 2004a ).
Construction of yeast shuttle vector containing a 10xGly linker:
All primers and synthetic oligonucleotides used in this study are listed in supplementary Table 2 . Synthetic oligonucleotides #1790 and #1791, which contain a 10xGly linker sequence, an EcoRI site on one end and a PacI site followed by a HindIII site on the other end, were incubated at room temperature for 30 min after boiling for 5 min. The annealed oligonucleotides were digested with EcoRI and HindIII and inserted into EcoRI + HindIII-digested pRS416 yeast shuttle vector (NEB), yielding pRS416-10xGly.
Construction of his-3-targeting vectors containing C-terminal 3xFLAG-or HAT-FLAG tags:
We amplified a fragment containing the 3xFLAG sequence by PCR using the p3xFLAG CMV14 vector (Sigma) as the template with forward primer #2014 containing a PacI site and reverse primer #2015 containing an EcoRI site. The PCR products were digested with PacI and EcoRI and inserted into PacI + EcoRI-digested pMF270, which is a his-3 targeting vector containing a C-terminal 3xHA-epitope tag. In this way, we replaced the 3xHA tag with the 3xFLAG tag, yielding pCCG::C-3xFLAG. In some case, less than 10xGly were included in the poly-glycine linker to render constructions practical. To construct a vector containing a HAT::5xGly::FLAG tag, a fragment containing a HAT tag was amplified by PCR from the vector pHAT10 (Clontech) with forward primer #2036, which contains a PvuI site, and reverse primer #2037, which contains a 5xGly linker and a PacI site followed by a XhoI site. The PCR fragments were digested with XhoI and PvuI and inserted into pRS416-10xGly digested with XhoI and PacI, which produce ends compatible with PvuI, yielding pRS416-10xGly-HAT-5xGly.
A fragment containing HAT::5xGly::FLAG tag was generated by PCR using pRS416-10xGly-HAT-5xGly as template with forward primer #1939, which contains a 1xFLAG sequence followed by a PacI site, and reverse primer #1940, which contains an AscI site. The PCR products were digested with PacI and AscI and inserted into PacI + AscI-digested pMF270, yielding pCCG::C-HAT::FLAG.
Construction of his-3-targeting vectors containing a 10xGly linker followed by Cterminal 3xFLAG-, GFP-or HAT-FLAG tags: We amplified a fragment containing the 3xFLAG tag by PCR using the p3xFLAG CMV14 vector (Sigma) as the template with forward primer #2084, which contains a 10xGly linker plus a PacI site, and reverse primer #2015, which contains an EcoRI site. The PCR products were digested with PacI and EcoRI and inserted into PacI + EcoRI-digested pMF270 to replace the 3xHA tag with the 10xGly::3xFLAG tag, yielding pCCG::C-Gly::3xFLAG. pCCG::C-Gly::GFP, which is a his-3 targeting vector containing a 10xGly linker followed by a GFP tag at its C-terminus, was similarly generated using forward primer #2085, reverse primer #2086 and pMF272 (FREITAG et al. 2004b) as template. A fragment containing a 10xGly::HAT::5xGly::FLAG tag was amplified by PCR with forward primer #1938 containing a PacI site, reverse primer #1940 containing an AscI site and pRS416-10xGly-HAT-5xGly as the template. The PCR products were digested with PacI and AscI and inserted into PacI + AscI-digested pMF270, yielding pCCG::C-Gly::HAT::FLAG.
Construction of his-3-targeting vectors containing N-terminal 3xFLAG-, GFP-, 3xMyc-, 3xHA-or FLAG-HAT tags followed by a poly-glycine linker: We amplified a fragment containing the Neurospora ccg-1 promoter (P ccg-1 ) (MCNALLY and FREE 1988) by PCR from pMF270 with forward primer #1954, which contains an EcoRI site, and reverse primer #1953, which contains a BamHI site. The PCR products were digested with EcoRI and BamHI and inserted into pBM61 digested with the corresponding restriction enzymes (MARGOLIN et al. 1997 ), yielding pCCG-N. To obtain a fragment containing the FLAG tag followed by a HAT tag, we amplified the HAT tag sequence by PCR from the pCCG::C-HAT::FLAG vector with forward primer #1967, which contains a BamHI site followed by a start codon (ATG), a single FLAG sequence and a 3xGly linker, and reverse primer #1946, which contains a 5xGly tail sequence followed by AscI, PacI and SpeI sites. The PCR products were digested with BamHI and SpeI and inserted into BamHI + SpeI-digested pCCG-N, yielding pCCG::N-FLAG::HAT. A fragment containing the 3xFLAG tag was amplified by PCR from pCCG::C-FLAG with forward primer #2341, which contains a BamHI site followed by a start codon (ATG), and reverse primer #2342, which contains an 8xGly linker followed by an AscI site. The PCR products were digested with BamHI and AscI and inserted into pCCG::N-FLAG::HAT digested with the corresponding restriction enzymes to replace its FLAG::HAT tag with the 3xFLAG tag, yielding pCCG::N-3xFLAG. pCCG::N-GFP and pCCG::N-3xMyc, which are his-3 targeting vectors with N-terminal GFP-or 3xMyc tags followed by 8xGly linkers, were similarly generated using forward primer #2343, reverse primer #2344 and pMF272 as template or forward primer #2345, reverse primer #2346 and pMF276 as template. To generate pN-3xHA, a fragment containing a 3xHA tag was amplified by PCR from pMF270 with forward primer #2347, which contains a BglII site, and reverse primer #2348 and then introduced into SmaI + SpeI-digested pBM61.
Construction of vectors to target dim-2-3xFLAG or hpo-gfp to the his-3 locus: A 500-bp segment of dim-2 including the promoter region was amplified by PCR with forward primer #1970, which contains a NotI site and reverse primer #2087, which contains an XbaI site. The PCR product and the vector pCCG::C-3xFLAG were digested with NotI and XbaI and ligated to replace the P ccg-1 with the dim-2 promoter. The plasmid containing the dim-2 promoter was then digested with XbaI and PacI and ligated with a fragment containing the coding region of the dim-2 gene, which had been amplified by PCR from Neurospora genomic DNA with forward primer #1517, which contains an XbaI site, reverse primer #1518, which contains a PacI site, and digested with XbaI and PacI. For the HP1 construct, a 500-bp promoter region of hpo was amplified by PCR with primers #2066 and #2067. The coding region of hpo was cut out from pMF308 (FREITAG et al. 2004a ) by digestion with BamHI and XbaI. The two fragments were inserted into pCCG::C-GFP. The constructs for GFP-tagged HP1 and FLAG-tagged DIM-2 were linearized and inserted at the his-3 locus of the hpo strain N3395 and the dim-2 null mutant N3396, respectively, by the gene replacement method previously described (MARGOLIN et al. 1997 ).
Construction of knock-in vectors containing 10xGly linker followed by 3xFLAG-3xHA-, GFP-or 13xMyc tag at C-terminus and the hph gene flanked by loxP sequences:
We amplified a fragment containing the bacterial hph gene ,which confers hygromycinresistance (hyg R ) in Neurospora, from pCSN44 (STABEN et al. 1989) by PCR with forward primer #1977, which contains a SpeI site, and reverse primer #1976, which contains a loxP sequence followed by a BamHI site. The PCR products were digested with SpeI and BamHI and inserted into SpeI + BamHI-digested vector pZErO-2 (Clontech), yielding pZErO-hph::loxP. To insert epitope tags and a 10xGly linker for construction of knock-in modules, we first generated constructs containing the hpo gene with a 10xGly linker followed by epitope tags and then used them as templates for PCR. A fragment of the hpo coding region with its promoter was amplified by PCR from genomic DNA of Neurospora N623 with forward primer #2040, which contains a BamHI site, and reverse primer #2041, which contains a MfeI site. The PCR products were digested with BamHI and MfeI and inserted into pRS416-10xGly between the BamHI and EcoRI sites (ends compatible with those generated by MfeI), yielding pRS416-HP1::10xGly. A fragment containing the hpo gene with a 10xGly tail was cut out from pRS416-HP1::10xGly by digestion of NotI and PacI and inserted into pCCG::C-3xFLAG, pMF270, pMF272 or pMF276 between the NotI and PacI sites, yielding pHP1::10xGly::3xFLAG, pHP1::10xGly::3xHA, pHP1::10xGly::GFP or pHP1::10xGly::13xMyc, respectively. Finally, we used forward primer #1979, containing a XhoI site, and reverse primer #1978, which contains the loxP sequence followed by an XbaI site, to amplify the 10xGly and epitope tags from pHP1::10xGly::3xFLAG, pHP1::10xGly::3xHA, pHP1::10xGly::GFP or pHP1::10xGly::13xMyc and the PCR products were digested with XhoI and XbaI and inserted into pZErO-hph::loxP between the XhoI and SpeI sites (compatible overhang with XbaI), yielding p3xFLAG::hph::loxP, p3xHA::hph::loxP, pGFP::hph::loxP or p13xMyc::hph::loxP, respectively.
Engineering of epitope-tagged proteins for expression of genes at their native loci:
We modified a gene "knock-out" procedure (COLOT et al. 2006 ) to serve as a convenient "knockin" strategy for Neurospora genes. We used recombination-mediated plasmid construction in Saccharomyces cerevisiae to make knock-in cassettes. The system worked well -58 of 66 transformants (87.9%) from 12 different constructs were found to have generated the intended cassettes. Yeast strains were grown and maintained according to the Yeast Protocol Handbook (Clontech) and S. cerevisiae strain PJ69-4A was used as the host strain (JAMES et al. 1996) . For the DIM-2-FLAG knock-in cassette, pRS416 was linearized by digestion with BamHI and EcoRI and a 3xFLAG knock-in module (3xFLAG::loxP::hph::loxP) was isolated from p3xFLAG::hph::loxP by digestion with KpnI and XhoI. A 1-kb fragment including the 3' end of the dim-2 coding region, without the stop codon, was amplified by PCR with forward primer #1988, which contains 29 nt of homology to one end of the linearized pRS416, and reverse primer #2013, which contains 29 nt of homology to 5' end of the 3xFLAG knock-in module. A 500-bp fragment of the 3' dim-2 flanking region was amplified with forward primer #1989, which contains 29 nt of homology with the 3' end of the 3xFLAG knock-in module, and reverse primer #1990, which contains 29 nt of homology to the other end of the linearized pRS416. The yeast strain PJ64-4A was co-transformed with linearized pRS416, the 3xFLAG knock-in module and the two PCR products for assembly in yeast using its endogenous homologous recombination system . Plasmids were extracted from pooled transformants and introduced into E. coli DH5α cells by electroporation. The correct cassette was cut out by digestion with XhoI and XbaI and transformed into the ∆
mus-52
Neurospora strain (N2930) by electroporation. The subsequent steps were performed as described (COLOT et al. 2006) . The HP1-GFP knock-in cassette was similarly generated using primers: #1996, #1997, #1998 and #1999.
Construction of a strain with cre recombinase driven by the P ccg-1 at the his-3 locus:
The cre recombinase gene of bacteriophage P1 was amplified by PCR from plasmid HZ-73 (gift of Dr. H. Zong) with forward primer #2459, which contains an XbaI site, and reverse primer #2460, which contains an EcoRI site. The product was then digested with XbaI and EcoRI and inserted into pCCG::C-3xFLAG between the XbaI and EcoRI sites, yielding pCCG::Cre. This plasmid was then linearized by digestion with DraI and inserted at the his-3 locus of a strain (N3322) containing an hpo-gfp::loxP::hph + ::loxP cassette by our gene replacement method (MARGOLIN et al. 1997) . Ten transformants were confirmed to have correct integration events by Southern blotting and were used for further analysis.
Visualization of HP1-GFP by fluorescence microscopy: A suspension of conidia was spotted on a slide glass and immediately covered by a glass cover slip. Pictures were taken using an Axioplan2 fluorescence microscope and an AxioCam HRm digital camera (Carl Zeiss, Thornwood, NY). Purification of HP1 complex(es) using HAT-FLAG tag: Neurospora strain N3278 was grown at 32°C for 7 days in two 250 ml flasks each containing 50 ml of Vogel's medium with 1.5% sucrose and 1.5% agar. The conidia were suspended in 100 ml of fresh medium and filtered through cheese cloth. The suspended conidia were inoculated into two 2.8 l flasks each containing 1000 ml of medium and grown for 20 hours at 32°C with shaking at 150 rpm. Cells were harvested by filtration and washed twice with 500 ml water. The collected tissue (approximately 50 g) was pressed between paper towels to remove extra water and then quickly frozen in liquid nitrogen. The frozen tissue was ground with a mortar and pestle to a fine powder and suspended in 500 ml of ice-cold nuclear extraction buffer without EDTA [15 mM Hepes pH 7.5, 300 mM NaCl, 5 mM MgCl 2 , 20 μM ZnCl 2 , 5% glycerol, 1 mM PMSF (Sigma), 1 μg/ml leupeptin (Roche), 1 μg/ml pepstatin (Roche), 1 μg/ml E-64 (Roche)] and centrifuged at 10,000
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x g for 20 minutes at 4°C. One ml of 10% NP 40 (final concentration 0.02 %) and 15 ml of elution buffer (20 mM Tris-HCl pH7.4, 150 mM NaCl, 0.01% NP40, 150 mM imidazole) was added to the supernatant, to give a final concentration of 4.5 mM of imidazole, and it was then centrifuged again at 10,000 x g for 20 minutes at 4°C. The supernatant was transferred carefully into two 250 ml centrifuge bottles and incubated with 5 ml volume TALON Metal Affinity Resin (Clonetech) with rotation at 4°C. The resin was loaded into a column and washed in 200 ml of wash buffer (20 mM Tris-HCl pH7.4, 150 mM NaCl, 0.01% NP40, 6 mM imidazole; ~2 ml/minute). The HAT-tagged HP1 protein and associated proteins were eluted in 9 ml elution buffer five times and collected in a 50 ml tube containing 100 μl of 0.5 M EDTA. Proteinase inhibitors (final concentrations: 1 mM PMSF, 1 μg/ml leupeptin, 1 μg/ml pepstatin, 1 μg/ml E-64) and 0.2 ml of 10% NP40 (final concentration: 0.05% NP40) were then added to the eluate.
For the second purification, based on the FLAG tag, the eluate was incubated overnight at 4°C
with 500 μl anti-FLAG M2 affinity gel (A2220, Sigma) with rotation on a 3D-rotator. Immune complexes were collected by centrifugation and washed three times, with rotation at 10 min.
intervals, in 50 ml of ice-cold TBSE (20 mM Tris-HCl pH7.4, 150 mM NaCl, 1 mM EDTA, 0.05% NP40) containing 1 mM PMSF. The affinity gel was transferred to a 1.5 ml centrifuge tube and incubated in 500 μl of ice-cold TBSE containing 0.5 mg/ml FLAG peptide (H 2 N-DYKDDDDK-OH, custom order, New England Peptide), 1 mM PMSF, 1 μg/ml leupeptin, 1 μg/ml pepstatin and 1 μg/ml E-64 for 6 hours with rotation at 4°C. The gel was sedimented by centrifugation and the supernatant was transferred into a fresh 1.5 ml centrifuge tube. The gel was briefly washed in 500 μl of ice-cold TBSE, spun down and the supernatant was combined with the first supernatant. The purified complexes were concentrated with a Microcon YM-10 (Millipore), separated by SDS-PAGE and visualized by Coomassie Blue. Each stained band was cut out and subject to mass spectrometry.
Co-IP assay: N. crassa strains were grown at 32°C with shaking in 20 x 150 mm glass test tubes containing 7 ml Vogel's minimal medium with 1.5% sucrose and histidine. After 16 hours, tissue was harvested by filtration, washed in PBS [10 mM Phosphate pH 7.4, 137 mM NaCl, 2.7 mM KCl] and suspended in 1 ml of ice-cold lysis buffer [50 mM Hepes pH 7.5, 150
mM NaCl, 10% glycerol, 0.02% NP40, 1 mM EDTA, 1 μg/ml leupeptin, 1 μg/ml pepstatin A, 1
mM PMSF]. Extracts were sonicated (Branson Sonifier 450) three times, at 10 min intervals, for 20 sec with a duty cycle 80 and output set to 2. After centrifugation at 12,000 rpm for 10 min in a microfuge, aliquots of the supernatants were incubated with 10 μl of Anti-FLAG M2 Affinity gel. Immune complexes were washed twice in lysis buffer and suspended in SDS-sample buffer.
Samples were separated by SDS-PAGE and transferred to PVDF membranes in 48 mM Tris, 39 mM glycine (pH 9.2) containing 20% methanol at 150 mA for 2 hours. Membranes were blocked in 10 mM Tris pH7.5, 150 mM NaCl, 0.05% Tween 20 (TBS-Tween) containing 3% skim milk powder for 30 min and incubated with anti-FLAG M2 antibody in TBS-Tween containing 3% skim milk and anti-GFP antibody (ab290, Abcam) in TBS-Tween containing 3% BSA for 2 hours at room temperature. The tagged proteins were detected using horseradish peroxidaseconjugated secondary antibodies and SuperSignal West Femto Chemiluminescent Substrate (Pierce) as instructed by the manufacturer.
RESULTS

Construction of an entry vector with a flexible linker and new vectors for Cterminal epitope tagging:
We previously reported construction of a GFP expression vector (pMF272; Figure 1A ) and demonstrated its utility in Neurospora (FREITAG et al. 2004a; FREITAG et al. 2004b ). This his-3 targeting vector was built to express GFP under the control of the Neurospora ccg-1 promoter (P ccg-1 ), which is intensely induced by glucose deprivation or stress (MCNALLY and FREE 1988) . Similar vectors were generated for different epitopes: 3xHA tag (pMF270); 13xMyc tag (pMF276); 3xFLAG tag (pCCG::C-3xFLAG); HAT-FLAG tandem tag with a 5xGly linker (pCCG::C-HAT::FLAG), as illustrated in Figure 1A . All vectors contain the same multiple cloning sites (MCS) followed by epitope tag sequences and an in-frame stop codon; thus, a gene of interest amplified with primer pair can be simultaneously introduced into several of these expression vectors. The P ccg-1 is particularly useful for visualization of GFPfusion protein in Neurospora because of its strength (FREITAG et al. 2004b ) and this promoter is helpful to detect proteins that are non-detectable when expressed under the control of their endogenous promoters. Over-expression can cause artifactual effects, however (RIGAUT et al. 1999) . We therefore constructed the plasmids so that P ccg-1 can be replaced with a gene of interest with its endogenous promoter using a NotI site and the MCS which flank the P ccg-1 .
We previously noted that C-terminal GFP fusions with Neurospora genes are not always successful. It is not uncommon to find undetectable expression of the GFP fusion proteins even though they were overexpressed by the P ccg-1 (FREITAG et al. 2004b) . One of a number of reasons for this is that GFP tag can influence folding of the tagged protein, resulting in instability of the GFP fusion proteins. Flexible protein linkers can be used to improve the folding and function of epitope tagged proteins (SABOURIN et al. 2007) . We therefore constructed an entry vector containing a flexible poly-glycine linker (10xGly). We inserted a flexible poly-glycine linker into a yeast shuttle vector pRS416 to produce pRS416-10xGly ( Figure 1B ). After subcloning into the entry vector, a gene of interest with the poly-glycine linker can be easily transferred into a series of our constructed epitope tagging expression vectors, which contain the same MCS and PacI site. Genes can be introduced into pRS416-10xGly by conventional subcloning system using restriction enzyme sites in the MCS or using a yeast homologous recombination system .
New vectors for N-and C-terminal epitope tagging with flexible linkers: The entry vector system described above allows one to take advantage of previously generated vectors such as pMF272 but requires two cloning steps. To speed building constructs to express epitope tagged proteins with a flexible poly-glycine linker, we generated new vectors containing a polyglycine linker and alternative epitopes, 3xFLAG (pCCG::C-Gly::3xFLAG), GFP (pCCG::C- In some cases, C-terminal epitope tags interfere with protein function, e.g. by interfering with targeting sites or posttranslational modification adjacent to C-terminus, even when a flexible linker is included (BOOHER and KAISER 2008) . To deal with such situations, we generated a series of new expression vectors for N-terminal epitope tagging with 3xFLAG (pCCG::N-3xFLAG), 3xMyc (pCCG::N-3xMyc), GFP (pCCG::N-GFP) and 3xHA (pN-3xHA)
followed by an eight Gly chain. We also built a N-terminal TAP tag vector: 1xFLAG::3xGly::HAT::5xGly (pCCG::N-FLAG::HAT) ( Figure 2B ). These plasmids are all suitable for targeting to his-3 and all except pN-3xHA contain the P ccg-1 . This promoter can be replaced with the native promoter of a gene of interest by using an EcoRI or ApaI site and the BamHI site. In the case of pN-3xHA, P ccg-1 or a native promoter can be inserted between the EcoRI or ApaI site and the BglII site (which generates ends compatible with those BamHI; the 3xHA sequence in pN-3xHA contains a BamHI site). All the vectors contain an identical MCS in the same frame so that a gene of interest can be easily inserted into several of these expression vectors at same time.
Expression of epitope tagged proteins from genes at their native chromosomal location: The described vectors possess a common backbone suitable for targeting to Neurospora his-3, like the commonly used vector pBM61 and its derivatives (MARGOLIN et al. 1997) . We also developed expression vectors for gene replacement by taking advantage of mutants deficient for NHEJ (Δmus-51 or Δmus-52) (NINOMIYA et al. 2004) . Utilizing the yeast homologous recombination system , we first generated a "knock-in" module containing an epitope tag with a flexible poly-glycine linker followed by the selectable marker hph, flanked by loxP sites (Figure. 3A) . The idea was to utilize the Cre/loxP system to remove the hph gene after it was no longer needed, allowing the valuable marker to be "recycled".
Vectors with four epitope tags (3xFLAG, 3xHA, GFP and 13xMyc) were made to allow the modules to be transferred from any of them (p3xFLAG::hph::loxP, p3xHA::hph::loxP, pGFP::hph::loxP or p13xMyc::hph::loxP) by digestion with XhoI and KpnI. All the modules contain identical sequences of the 5' and 3' ends, allowing constructions of four epitope tag "knock-in" cassettes with common primers designed to work with the yeast homologous recombination system. For expression of bacteriophage Cre recombinase in Neurospora, we generated a his-3 targeting plasmid pCCG::Cre, which allows cre to be expressed under the control of P ccg-1 at the his-3 locus. The scheme is illustrated in Figure 3 , can be then excised by the Cre recombinase, which is expressed from a construct targeted to the his-3 locus.
To demonstrate the described system, we prepared two knock-in cassettes, an hpogfp::loxP::hph::loxP cassette and a dim-2-3xFLAG::loxP::hph::loxP cassette to generate GFPtagged HP1 (HP1-GFP) and 3xFLAG-tagged DIM-2 (DIM-2-FLAG) at their endogenous loci.
The two cassettes were separately introduced into Δmus-52 recipient strains and then crossed with mus-52 + strains to recover progeny with the wildtype allele. We confirmed correct integrations of the knock-in sequences by Southern blotting ( Figure 4A and B) and confirmed
proper expression by Western blotting with antibodies specific for the respective epitope tags (see Figure 6 ). In addition, we confirmed that DNA methylation appeared normal in several methylated regions (data not shown), indicating that the tagged proteins are functional since both DIM-2 and HP1 are essential for DNA methylation in Neurospora (FREITAG et al. 2004a; KOUZMINOVA and SELKER 2001) . To excise hph, the linearized pCCG::Cre was introduced into strains containing the hpo-gfp::loxP::hph::loxP cassette. Ten transformants were isolated and showed correct integrations of cre by Southern blotting (data not shown). Two of these displayed complete and precise excision of the hph ( Figure 4A and B); three displayed a mixture of nuclei with and without precise excision; the remaining five retained the gene (data not shown).
Consistent with these data, we found that the two strains showing complete excision restored sensitivity to hygromycin ( Figure 4C) ; the others did not (data not shown). One of these two transformants sensitive to hygromycin appeared to be homokaryotic with respect to the insertion of cre; the other appeared to be heterokaryotic. The strains that were insensitive to hygromycin showed various integrations of cre and did not reveal an obvious relationship between the nature of the integration of cre and successful excision of hph. Curiously, strains homokaryotic for insertion of cre displayed growth and conidiation defects regardless of whether they showed excision whereas the strain that appeared heterokaryotic for cre but successfully excised hph showed normal growth and development. Normal growth and conidiation were restored by removal of cre by crossing with cre -strains. Microscopic visualization of HP1-GFP in strains that excised hph show normal localization of HP1-GFP ( Figure 4D ). These data indicate that the Cre/loxP system can work in Neurospora.
Isolation of HP1-associated proteins using the HAT-FLAG purification system: We wished to develop an efficient purification method to identify proteins associated with a protein of interest in Neurospora. Tandem affinity tags have been demonstrated to work efficiently in various organisms (CHANG 2006) . Among various possible TAP tags, the FLAG-6xHis system is attractive due to its low cost and high efficiency. Purification using the natural HAT tag was shown to be superior to using the simple 6xHis tag, however (CHAGA et al. 1999) , prompting us to build our HAT-FLAG, his-3 targeting vector system ( Figure 1A and 2). To test the utility of our HAT-FLAG purification system, we decided to purify tagged HP1 and associated proteins because our previous work using a yeast two-hybrid system had demonstrated that HP1 interacts directly with DIM-2 (HONDA and SELKER 2008). The HAT-FLAG-tagged hpo gene was inserted at his-3 locus under the control of its endogenous promoter in a hpo null mutant. We confirmed correct integration by Southern blotting and selected a homokaryotic transformant for further experiments (data not shown). The DNA methylation defect of the hpo strain was found to be completely complemented by the HP1-HAT-FLAG construct (data not shown), indicating the fusion protein was fully functional. We then purified tagged HP1 and associated proteins as diagrammed in Figure 5A and detailed in Materials and Methods. Briefly, cell extracts prepared from strains expressing HP1-HAT-FLAG were applied to TALON affinity resin, the HAT-FLAG-tagged HP1 and its associated proteins were eluted with imidazole and subsequently incubated with Anti-FLAG M2 affinity gel. The purified material was then eluted in buffer containing the FLAG peptide, separated by SDS-PAGE and visualized by Coomassie blue staining ( Figure 5B ). Each stained band was excised and subjected to mass spectrometry for protein identification. The strong band that corresponds to the predicted molecular weight of HP1 was confirmed to be this protein ( Figure 5B) ; the multiple peptide coverage by mass spectrometry illustrates that the HAT-FLAG tagged protein was efficiently isolated ( Figure 5C ).
We also found several HP1-assosciated proteins, including DIM-2 ( Figure 5B and C), strongly supporting our previous conclusion that DIM-2 and HP1 interact directly (HONDA and SELKER 2008) . This demonstrates the utility of our HAT-FLAG TAP system for Neurospora.
Verification of the interaction between HP1 and DIM-2 using our tagging, targeting
and knock-in systems: After identification of candidate proteins associated with a TAP-tagged protein by affinity chromatography, confirmation of their association can be sought by carrying out Co-IP assays on extracts of cells expressing the proteins. To verify interaction between HP1
and DIM-2, we used our epitope-tagging system. We prepared strains expressing GFP-tagged HP1 (HP1-GFP) and/or 3xFLAG-tagged DIM-2 (DIM-2-FLAG) under the control of endogenous promoters, targeted either to his-3 or to their native loci. To guard against artifacts of overexpression, targeting to his-3 was carried out in strains with null mutations of the corresponding genes at their native loci. Western blotting showed that the tagged proteins were expressed equally from his-3 and the endogenous loci (Figure 6 input) . All the strains showed normal distribution of DNA methylation, indicating the tagged proteins were functional (data not shown). We found that HP1 specifically co-immunoprecipitated with DIM-2 in strains expressing both tagged proteins, regardless of whether they were expressed from their native loci or from sequences targeted to his-3 ( Figure 6 ). This demonstrates the utility of our epitope tag expression vectors and of the knock-in system for Neurospora.
DISCUSSION
In this study we developed tools to epitope-tag proteins for expression from heterologous or native promoters in Neurospora targeted either to the his-3 locus or to native loci. To demonstrate the utility of our HAT-FLAG TAP system, we tagged HP1 and highly purified it and associated proteins for identification by mass spectroscopy. This identified the DNA methyltransferase DIM-2 as a partner of HP1, consistent with expectations from our previous yeast two-hybrid study (HONDA and SELKER 2008) . We then used our tagging systems to confirm the interaction between HP1 and DIM-2 by Co-IP assays in strains expressing FLAGtagged DIM-2 and GFP-tagged HP1 from his-3 and/or native loci under the control of the native promoters. Several other proteins also co-purified with HP1 and preliminary work suggests that they too represent actual partners of HP1 (S. Honda, T.K. Khlafallah, Z.A. Lewis and E.U.
Selker, unpublished data). In a similar study, we have used the HAT-FLAG system to identify proteins associated with the histone methyltransferase DIM-5 (S. Honda, K.K. Adhvaryu, Z.A. Lewis and E.U. Selker, unpublished data; TAMARU and SELKER 2001; TAMARU et al. 2003) . It is worth noting that the DIM-5-associated proteins identified in this way were not identified in a yeast two-hybrid screen using DIM-5 as bait and prey libraries (S. Honda and E.U. Selker, unpublished data). One possible reason for such a failure of the yeast two-hybrid screen is that the interactions may be indirect. Alternatively, interactions may rely on other associated proteins or on activation by post-translational modifications. Thus the HAT-FLAG tag system potentially allows one to simultaneously isolate all components of protein complexes in a simple, two-step affinity purification.
Although we constructed systems to tag both N-and C-termini of proteins, we typically first test C-terminal tags, expressed under the control of endogenous promoters because this generally works and is easy, whereas N-terminal tagging requires additional subcloning. We was utilized in Neurospora to detect protein-protein interactions (BARDIYA et al. 2008) . It is based on the principle that interaction of proteins that are separately fused with fragments of a GFP derivative, which do not individually emit fluorescence, can allow for reconstitution of a functional fluorophore if they are sufficiently close. Although the assay is simple and highly sensitive, in many cases it is expected not to work based on our previous observation that approximately half of GFP fusions with Neurospora genes are undetectable even when they are overexpressed (FREITAG et al. 2004b) . In contrast, using the epitope tagging systems described here, all our attempts have been successful to isolate functional and detectable epitope-tagged proteins expressed under the control of their native promoters. Not only does this system work well for protein purification and Co-IP assays but also for other purposes such as immunofluorescence and chromatin immunoprecipitation (ChIP) assays. Indeed, we previously demonstrated that HP1 and DIM-2 are localized to methylated regions by ChIP assay using the epitope tagging system (HONDA and SELKER 2008) . It is noteworthy that one feature of using antibodies against epitopes, instead of against native proteins, is that the tagged protein is more likely to remain functional and accessible while bound by the antibodies.
We demonstrated that epitope tagged proteins were equivalently expressed from the his-3 locus and their native loci, under the control of their native promoters. Both situations worked efficiently for Co-IP assays but each has advantages and disadvantages. Targeting to his-3 is normally limited to one gene per strain. In principal a heterokaryon can be used to express two different tagged proteins from the his-3 locus but it can be difficult to maintain a balanced heterokaryon and artifacts are possible (KAWABATA and INOUE 2007) . Thus we recommend simply crossing strains expressing epitope-tagged proteins from different loci to isolate homokaryotic double-or triple-"knock-in" strains. Site-directed mutagenesis is an invaluable technique for studying protein functions and targeting to his-3 is convenient for introduction of mutant proteins with epitope tags. Indeed, we used this in work directed at defining critical sites for interaction of HP1 and DIM-2 (HONDA and SELKER 2008).
We demonstrated application of the Cre/loxP system in Neurospora to excise the selectable marker hph, which is the most popular antibiotic resistance marker for Neurospora and other eukaryotes. We observed a somewhat low frequency of complete marker excision (20%, 2 out of 10), similar to the case in Aspergillus fumigates, which showed a frequency of 25% (5 out of 20) (KRAPPMANN et al. 2005) . In contrast, comparable marker rescue in A. nidulans and S.
cerevisiae worked at higher efficiencies (70-80% and 80-90%, respectively) (GULDENER et al. 1996; KRAPPMANN et al. 2005) . It may be significant that Neurospora has strong genomic defense systems (GALAGAN and SELKER 2004) including DNA methylation, which interferes with transcriptional elongation (ROUNTREE and SELKER 1997) ; however, we did not detect DNA methylation in the integrated cre gene (data not shown). The efficiency difference may be attributable to differences in expression of Cre driven by different promoters. In the A. nidulans and S. cerevisiae systems, the chemically inducible promoters tightly regulate the expression of
Cre while in the Neurospora and A. fumigates systems, expression of Cre was initiated by introduction of the cre gene by transformation. Use of tightly inducible promoters, such as the quinic acid-2 promoter (P qa-2 ) (GILES et al. 1985) , may improve the efficiency in Neurospora.
Further improvements to this system could include application of dual selectable marker modules such as "tk-blaster", which combines hph and the FUDR-sensitive marker thymidine kinase (tk) (PRATT and ARAMAYO 2002; SACHS et al. 1997 ) allowing selection of strains that have excised the cassette. Future work may optimize the Cre/loxP system for Neurospora. The Cre/loxP system could be potentially used not only for marker excision but also for advanced engineering of chromosomal rearrangements, such as to build conditional knock-outs in Neurospora.
Characterization and identification of protein complexes is a basic step in deciphering gene functions. We have developed here a combination of genetic and biochemical approaches in Neurospora and these techniques can be easily applied to other filamentous fungi. We have used these tools for analyzing the relationship between HP1 and DIM-2 to elucidate DNA methylation machinery in Neurospora. These tools will facilitate various analyses to clarify fundamental processes in Neurospora and other filamentous fungi. Indeed, our methods have already been successfully adapted to tag and express fusion proteins in Fusarium graminearum (L. Connolly and M. Freitag, unpublished results). by differential interference contrast (DIC) and fluorescence (HP1-GFP) microscopy.
FIGURE 5. Purification of HP1-associtated proteins using the HAT-FLAG purification system.
(A) Purification and characterization scheme. Cell extracts prepared from strains containing HP1-HAT-FLAG (N3278) were subject to a two-step affinity purification (Co 2+ -metal affinity purification followed by anti-FLAG affinity purification). (B) HP1 and its associated proteins isolated by the two-step affinity purification system were separated by SDS-PAGE and 
